Abstract The relationship between soil moisture (SM) and evaporative fraction (EF) is an important component of land-atmosphere interactions. Frequently, land-atmosphere studies are based on land-surface models and not on observations. This study examines SM-EF interactions over the United States Southern Great Plains using both in situ observations and simulations from the Variable Infiltration Capacity hydrologic model. Specifically, we evaluate how the relationship between SM and EF varies by season, we determine why these variations occur, and we compare model-derived and observed SM-energy flux relationships. Data from four sites (2004)(2005)(2006)(2007)(2008) that are part of the United States Department of Energy's Atmospheric Radiation Measurement-Southern Great Plains network are used in this study. Results show that SM-EF interactions in both the model and observations are in general agreement with the evaporative regime theory described in past studies. That is, EF is a linear function of SM when SM is between the wilting point and the critical value, and when SM is above the critical value, EF is not dependent on SM. However, SM-EF relationships vary substantially from year to year. EF is a linear function of SM only when daily net radiation is above normal. Our results suggest that the strength of SM-EF interactions is not solely controlled by soil wetness but is also strongly influenced by daily net radiation and meteorological conditions.
Introduction
Soil moisture can strongly modulate hydrologic and climatic conditions [Pal and Eltahir, 2001] . Dry soil can induce and amplify warm and dry conditions, especially during the summer by reducing local evaporation and modifying patterns of moisture convergence/divergence [Taylor et al., 2012] . Therefore, soil moisture can have a strong impact on the surface Bowen ratio [Quintanar et al., 2008] , convective available potential energy [Pal and Eltahir, 2001] , development of clouds [Findell and Eltahir, 2003] , near-surface air temperature [Mahmood et al., 2006] , the likelihood of convective precipitation [Frye and Mote, 2010] , planetary boundary layer depth [Ek and Holtslag, 2004] , atmospheric circulation and the surface wind field [Arrigo and Salvucci, 2005; Taylor et al., 2007; Quintanar et al., 2009] . Soil moisture-atmosphere interactions in the North American Great Plains are strengthened by the high ratio of actual evapotranspiration to potential evapotranspiration [Koster et al., 2009] , and soil moisture provides a local moisture source.
Soil moisture-precipitation coupling in the North American Great Plains is difficult to quantify because much of the precipitation that occurs in the region is stratiform precipitation driven by remote moisture advection [Frye and Mote, 2010] . In addition, there is a lack of high quality, spatially extensive soil moisture observations [Seneviratne et al., 2010] . The relationship between evapotranspiration and soil moisture is vitalsurface energy flux, representing strong land-atmosphere coupling on days that they identified as ideal (i.e., clear skies, low winds, and no recent precipitation). Koster et al. [2009] employed an atmospheric general circulation model to characterize hydroclimatological regimes around the globe. They used the relationship between temperature and precipitation as a proxy for SM-evaporation coupling and found that SM most strongly influences evaporation in semi-arid areas where decreases in precipitation were associated with increases in air temperature. Brimelow et al. [2011] proposed that reductions in latent heat flux due to dry soils resulted in a deeper, warmer boundary layer and less convective storms during the summer of 2002 in Alberta, Canada. These studies suggest that soil moisture can strongly influence the partitioning of latent and sensible heat flux, particularly under dry conditions when moisture is a limiting factor to evapotranspiration.
Because in situ observations of soil moisture and surface heat fluxes are not readily available, past efforts to study land-atmosphere interactions have predominantly relied on land surface models. This paper addresses this knowledge gap by evaluating surface-atmosphere relationships using both in situ observations and model-derived data. Here we examine the nature of the relationship between soil moisture and surface energy fluxes using data from four stations in the Southern Great Plains of the United States. Surface energy fluxes in this study are represented by evaporative fraction (EF), which is the ratio of latent heat (LE) to latent heat plus sensible heat (SH) (equation (1)). Therefore, EF represents the ratio of incoming energy used for evapotranspiration compared to the total amount of incoming energy. This study (1) evaluates how the relationship between soil moisture and surface energy partitioning varies by location and by season, (2) examines why these variations occur, and (3) compares the model-derived and observed soil moistureenergy flux relationships.
2. Data and Methods
Observations
Data from four sites in Kansas and Oklahoma that are part of the United States Department of Energy's Atmospheric Radiation Measurement-Southern Great Plains (ARM-SGP) network are used in this study (Figure 1 ). ARM-SGP measures numerous meteorological and hydrological variables, and these data Soil volumetric water content at ARM-SGP sites is measured using the Soil Water and Temperature System (SWATS). SWATS uses a Campbell Model 229-L Matric Potential Sensor to provide matrix potential at 5, 15, 25, 35, 60, 85, 125 , and 175 cm [Bond, 2005] . Soil water content is measured in two different locations at each site to facilitate quality control. The data are subjected to a rigorous quality control-quality assurance procedure as described by Bond [2005] . SWATS soil moisture observations are provided at 30 min temporal resolution. Soil moisture at 5 cm was used to represent the 0-10 cm layer, compatible with the land surface model. We averaged 5 cm soil moisture data between 7:30 a.m. and 4:30 p.m. (local time), coinciding with the daily averaging of model-simulated soil moisture, to arrive at a "day-time" average soil moisture observation.
LE and SH are derived using the Energy Balance Bowen Ratio (EBBR) method which uses observations of net radiation, soil surface heat flux, and the vertical gradients of temperature and relative humidity [Cook, 2011] . The EBBR sensors have an expected uncertainty of 10% for LE and SH, representing the range of probable maximum deviation of a measured value from the true value within a 95% confidence interval [Cook, 2011] . LE and SH estimates from eddy covariance systems are available at a few ARM sites. However, the eddy covariance systems are placed over cropland [Cook, 2011] , while the SWATS soil moisture sensors are placed under grassland. Therefore, we use the EBBR system, which is placed over grassland, because of the land cover type match with the SWATS sensors. Similar to the SWATS soil moisture data, the EBBR flux data are subjected to a rigorous quality control-quality assurance procedure as described by Cook [2011] . The 30 min observations between 7:30 a.m. and 4:30 p.m. (local time) were averaged to provide "day-time" average LE and SH.
Daily net radiation data from the Oklahoma Mesonet site at El Reno (www.mesonet.org) is used to quantify the impact of net radiation on the SM-EF relationship. Oklahoma Mesonet data are used instead of the solar radiation data from the ARM network because of issues with missing data and data quality at the ARM site. The El Reno Oklahoma Mesonet site is approximately 3 km from the El Reno ARM site, and therefore it is assumed to represent radiation conditions for the ARM site. Daily net radiation (MJ/m 2 ) is measured with a Kipp & Zonen NR LITE net radiometer at 1.5 m.
Model
Land surface models provide a means for simulating soil moisture variability. However, model validation with in situ observations is important to constrain the simulated hydrological and meteorological processes and feedbacks. The model simulations generated in this study are compared with in situ observations at the ARM sites. We used the Variable Infiltration Capacity (VIC) model [Liang et al., 1994] , a macroscale hydrological model, to calculate the water and energy balances at the four ARM-SGP sites. VIC model version 4.1.2 [Dan et al., 2012] was run for a period of 59 years (1950-2008), using 1950-2000 as the spin-up period. The model calibration data set detailed in Sheffield et al. [2006] was used to calibrate all model soil and vegetation parameters. Some information about the soil parameters at the ARM sites are available such as percent sand/silt/clay and bulk density. However, details regarding how these parameters were calculated were not available, and all of the soil parameters that are needed by VIC were not available. Therefore, the soil parameters in Sheffield et al. [2006] were used. The only change that was made was to specify the land cover so that it was consistent with the observed conditions. The land cover at each ARM-SGP sites was determined by reviewing site photographs. Model vegetation parameter values over each grid cell were set to the default values in the Sheffield et al. [2006] data set.
The ARM-SGP network measures precipitation at daily and sub-daily resolution at some sites. However, these data were only available at two of the four sites used in this study. The meteorological data that were available contained many missing values and in many instances recorded precipitation events when nearby precipitation gauges did not. Therefore, the VIC model was forced with daily observations of precipitation, and minimum and maximum temperatures from the closest Global Historic Climatology Network (GHCN) station to each of the ARM-SGP sites. The distance between the GHCN station and ARM-SGP site was less than 10 km in all cases. Wind speed is not measured at GHCN sites. Wind speed data were extracted from the global meteorological forcing data set developed by the Land Surface Hydrology Research Group at Princeton University [Sheffield et al., 2006] . This data set is based on the National Centers for Environmental Protection-National Center for Atmospheric Research (NCEP-NCAR) 1°reanalysis product and has been bias corrected for elevation [Sheffield et al., 2006] . VIC-simulated latent and sensible heat flux (W/m 2 ) and volumetric water content at 3 h output were averaged between 7:30 a.m. and 4:30 p.m. to capture day-time average conditions. VIC calculates soil moisture in three layers: 0-10 cm, 10-40 cm, and 40-100 cm. ARM soil moisture observations were averaged to better correspond with the modeled soil moisture. The 0-10 cm VIC soil moisture was compared to the 5 cm ARM measurement, the 10-40 cm VIC soil moisture was compared to the average of the 15, 25, and 35 cm ARM measurements, and the 40-100 cm VIC soil moisture was compared to the average of the 60 and 85 cm measurements. Net radiation (MJ/m 2 ) was also simulated by the VIC model to compare with observed radiation. The 3 h output from the VIC model was summed between 7:30 a.m. and 4:30 p.m. (local time) to estimate daily total net radiation.
Methods
We use the evaporative fraction (EF) which is the ratio of latent heat to total surface energy flux.
Volumetric water content is dependent on site-specific soil conditions and cannot be directly compared between study sites. Therefore, soil moisture was standardized by converting volumetric water content into percentiles. Daily soil moisture data at each site are used to generate an empirical distribution function. Separate distribution functions were derived for each site, and they are also derived separately for the modelsimulated and observed soil moisture; a total of eight distribution functions (one model-based function and one observation-based function for each of the four sites). Daily volumetric water content values are subsequently converted to a percentile, representing the percent of daily volumetric water content values less than that particularly value. Therefore, the 100 th percentile, or a percentile value here of 1, represents the wettest soil conditions measured at a particular site over the entire study period, while the 0 percentile represents the driest soil conditions. Hereafter, SM is reported as percentiles of volumetric water content.
Experimental Design
Previous studies have determined that the nature of the SM-EF relationship is dependent on whether the situation is soil moisture limited or energy limited. Dirmeyer et al. [2000] demonstrated that SM-EF relationships in land surface models are characterized by two disparate regimes. When soil moisture is between the wilting point and critical value (typically 80% of field capacity), evaporation is strongly controlled by soil water content, and there is a linear relationship between SM and EF. When soil moisture is not limited (soil moisture > critical value), evaporation is controlled by available energy. Under this regime, evaporation is essentially decoupled from soil moisture (i.e., uncorrelated with soil moisture). Dirmeyer et al.
[2000] evaluated three different land surface models and found that these two modes of behavior were present in all of them. Seneviratne et al.
[2010] also defined two evapotranspiration regimes, soil moisture limited and energy limited. SM-EF interactions in the soil moisture-limited regime are typically linear and strongest when soil moisture is between the wilting point and a critical value [Seneviratne et al., 2010] . With this in mind, we evaluated the relationship between daily SM and EF at the four ARM sites. We then compared the observed SM-EF relationships with the VIC-simulated SM-EF relationships. A t test is used to assess the statistical significance of the slope of the linear relationship between SM and EF. This test evaluates whether the slope of the linear fit is significantly different from 0, and significance is again based on the 95% confidence interval.
Results

Relationship Between SM and EF
We examine the SM-EF relationship during the North American growing season (May-October, 184 days) between 2004 and 2008. Over the 20 growing seasons (four sites, 5 years) that we examined in this study, there is a great deal of variability in the observed SM-EF relationship and evidence of both linear and nonlinear interactions. The relationship between SM-EF appears to be constrained by SM, as EF responds most strongly to changes in SM when SM is below the 30 th percentile (Figure 2a) . However, when SM is seasons is not significantly different from 0. Therefore, EF is often strongly modified by SM, in both the observations and model, when SM is less than the critical value (i.e., SM is limited).
There is noticeable interannual variability in the relationship between SM-EF. To better document this variability, we plot the linear relationship between observed SM-EF for all four stations, separating the data by year (Figure 3 ). Each line in Figure 3 shows the linear fit between daily SM and EF, and fits are assessed separately for days when soil moisture is less than and greater than the 30 th percentile (our critical value).
Each year of the study period includes 184 days, from which the fit is assessed in the two regimes. There is substantial year-to-year variability in the slope of the linear fit, especially at Cordell and El Reno. Figure 4 shows the same information as Figure 3 , except the linear fits are shown for model-derived SM-EF data. The model-derived SM-EF relationships at Cordell and Coldwater are less variable than the model-derived SM-EF relationships at Ashton and El Reno. In general, the SM-EF relationships in both the observed and model-simulated data sets are similar to those reported in previous studies [e.g., Santanello et al., 2007] . During most years, EF responds most strongly (linearly) to soil moisture variations below the 30 th percentile. ©2014. American Geophysical Union. All Rights Reserved.
Variability in the Observed SM-EF Relationship
SM-EF interactions during the majority of growing seasons are represented by the dual regime behavior described in the previous section. The 2006 growing season at El Reno is a good example of how the observed SM-EF relationship agrees with the dual regime behavior (Figure 5a ). SM rapidly increases following a precipitation event (Figure 5a ), and this is followed by an increase in EF. Several consecutive days with little or no precipitation correspond with slow, consistent drying of the soil and decreases in EF. EF is most strongly influenced by SM when it is below the 30 th percentile. Both the observed (Figure 3d ) and model- There was a stronger relationship between SM and EF in 2006 because precipitation was well below normal and SM was the primary limiting factor for evapotranspiration.
Role of Net Radiation in SM-EF Interactions
A central element of the dual regime theory proposed in previous studies is that EF varies as a strong, linear function of SM when SM is below a critical value. SM-EF interactions in both the model and observations exhibit this behavior during many growing seasons ( Figures 3 and 4) ; however, interannual variations in growing-season SM are insufficient to account for the large differences in the SM-EF interactions at El Reno between 2006 (precipitation was 125 mm below normal) and 2008 (precipitation was 45 mm above normal). Under the dual regime theory, EF should respond to soil drying, particularly when SM is below the critical value for a prolonged period of time. To better detail differences between SM and EF at El The impact of net radiation on SM-EF interactions was quantified by showing how the relationship between SM-EF changes as a function of daily net radiation at the surface. Figure 8 shows five plots of SM-EF interactions at El Reno that were created by sorting the data according to the quantile of daily net radiation (Q*) received at the surface (80 th , 60 th , 40 th , and 20 th percentiles). When we separate the SM-EF scatter points by Q* quantile, this creates a different number of data points for each quantile class. However, the number of data points in each quantile class is not highly variable, as the minimum [Koster et al., 2009] . Therefore, the intra-and inter-growingseason variations in the strength and nature of the SM-EF coupling are, in part, determined by the meteorological conditions (e.g., cloud cover, net radiation).
Separating SM-EF interactions for the model-derived data by daily net radiation produces similar results, although much less of the variance in EF can be explained by SM. For example, SM explains only 8% of the variance in EF when daily net radiation is greater than the 80 th percentile. The majority of SM-EF relationship interannual variability in the observations is attributable to differences in net radiation received at the surface (Figure 8a ). However, differences in net radiation failed to explain the interannual SM-EF variability seen in the model (Figure 8b ). The differences between the observed and model-simulated SM-EF relationship may be partially attributable to differences in SM immediately after a precipitation event. Figure 9 compares observed and modeled SM at El Reno (2004 Reno ( -2008 . The model commonly simulates saturated conditions following a precipitation event (e.g., values near 1), while during these same days the observed SM is often much less. Dirmeyer et al. [2000] computed SM and EF on a global scale using three different land surface schemes. They separated all grid cells by vegetation type and determined the relationship between July SM and EF by fitting an arctangent function. They found that this function approximates the dual regime theory. The lines that we fit to the observed and model-simulated SM-EF (Figures 3 and 4 speed, and negligible precipitation during preceding days. In accordance with our findings, EF variability is not only constrained by soil water but also by net radiation and general atmospheric conditions (cloudiness, presence/absence of precipitation).
Discussion
The ability of SM to impact near-surface atmospheric conditions depends on SM being the primary driver for partitioning latent and sensible heat [Wei and Dirmeyer, 2012] . Koster et al. [2009] suggest that SM can impact near-surface temperatures more strongly in the south-central U.S. than in other regions because of the tight coupling between SM and EF and sufficient intra-annual SM variability. Koster et al. [2009] demonstrated that because the Great Plains is a semi-arid region, it is typically characterized by a moisturelimited evaporative regime, which occasionally becomes energy limited. The differences in SM-EF interactions between 2006 (moisture limited) and 2008 (energy limited) in our results corroborate those of Koster et al. [2009] . In addition, our results suggest that the SM-EF relationship cannot be determined solely based on SM conditions. SM-EF interactions are a function of both SM and net radiation, and both of these variables are necessary to characterize land-atmosphere interactions, particularly in semi-arid environments such as the U.S. Great Plains. The impact that soil moisture has on atmospheric temperature, humidity, and subsequent precipitation is dependent on the strength of the relationship between soil moisture and evaporative fraction [Findell et al., 2011] . Therefore, the results of this study are relevant for landatmosphere interactions in general, as soil moisture is shown here to be strongly, linearly related to evaporative fraction under certain conditions, and these conditions are dependent on both soil moisture and the amount of available energy (net radiation).
Conclusion
Daily observations from four ARM sites and simulations from the VIC model are used to characterize SM-EF relationships. Overall, this study found that SM-EF interactions generally fit the dual regime behavior discussed in previous studies, but that the SM-EF relationship varies substantially from year to year. Our results suggest that although the U.S. Great Plains is typically identified as having a moisture-limited regime, both energy and moisture availability are important. The intra-and inter-growing-season variations in the strength and nature of the SM-EF coupling are, in part, determined by whether the moisture or energy conditions are the dominant control. Theory suggests that variations in EF are controlled by SM when SM is below the critical value; however, our results highlight the importance of both SM and energy (net radiation) across the entire spectrum of SM conditions. Specifically, SM influences EF most strongly when SM is less than the critical value and net radiation is ample; however, when net radiation is low, EF functions independently of SM, regardless of SM magnitude.
